Abstract-In this paper a triple wire medium is described as an isotropic negative permittivity medium. A numerical experiment was performed to validate the propagation of electromagnetic waves inside the wire lattice below the plasma frequency, where the effective medium permittivity is negative. For a practical realization, a form of the triple wire medium using a planar technology was designed, fabricated and measured.
I. INTRODUCTION
This paper reports on the use of wire media (WM) 1 as a negative dielectric permittivity material. Pendry et al. [1] , [2] and Sievenpiper [3] have independently demonstrated that metallic wire-mesh structures have a low frequency stop band from zero frequency to the cutoff frequency, which they have attributed to the motion of the electrons in the metal wires. This low-frequency stop band can be attributed to effective negative dielectric permittivity. The wire medium can be modeled as a nonmagnetized cold plasma and the permittivity tensor can be described with a Drude dispersion model. When the wire lattice dimensions are chosen properly, negative permittivity can be obtained even at microwave frequencies [1] in a wide frequency band. This is a big advantage over other negative permittivity structures, which are mainly resonant, and the negative permittivity can be observed only in a narrow frequency band. Various forms of the ε-negative material have been studied, e.g., single WM [2] or electric-field-coupled resonators [4] , [5] .
The unit cell of the triple WM is shown in Fig. 1 . The wire lattice has a period a, and the wires have radius r w . It has been shown that a general wire medium (single, double or triple) suffers from spatial dispersion [6] , [7] . Nevertheless, it can be considered as an isotropic negative permittivity medium near the plasma frequency [8] .
Our goal is to use the connected triple wire medium to construct an isotropic negative permittivity material. The triple WM was tested using numerical experiments. A practically realizable version of this medium was designed, fabricated and its transmission characteristics were measured. 1 A lattice of parallel wires in one direction is referred to as a (single) WM, while a three dimensional lattice formed of two mutually perpendicular single WM arrays is referred to as a double WM. A three dimensional lattice formed by three mutually perpendicular single WM arrays is referred to as a triple WM. 
II. TRIPLE WIRE MEDIUM

A. Numerical model
When we assume that the connected triple WM lattice period a (Fig. 1) is much smaller than the wavelength of the incident electromagnetic wave, the medium can be homogenized. Such a homogenization was performed in [7] , and the relative effective permittivity dyadic describing the medium is of the form
where k p is the plasma wavenumber, k 0 is the free-space wavenumber, I is the unit dyad, k is the wave vector, and
where r w is the wire radius and J 0 stands for the Bessel function of the first kind and zero order. There exist more formulas for calculation of the plasma wavenumber, whereas we adopted the form from [9] (k p a) 2 ≈ 2π ln a 2 4r w (a−r w ) (a/20 < r w < a/5) . (4) It was shown in [8] , however, that the calculated propagation constant near the plasma frequency suffers from weak 978-2-87487-001-9 © 2007 EuMA October 2007, Munich Germany
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Consequently, the wave propagates through the medium in all the important lattice directions with the same phase constant. Several numerical simulations were performed in the CST Microwave Studio (MWS) full-wave simulator [10] to verify the theoretical results. The simulated wire lattice is shown in Fig. 2 . It is formed by a lattice of 8×8×8 wires with a rectangular cross-section 3 1×1 mm with the lattice period a = 20 mm. The lattice is illuminated by a plane wave in all the important directions, i.e., the Γ-X, Γ-M and Γ-R directions. The plasma frequency of the lattice calculated using (4) is f p ≈ 3.9 GHz. The distribution of the electric field intensity in the plane crossing WM along the important directions at the frequency 2.5 GHz is shown in Figs. 3 and 4 .
It is evident from Figs. 3 and 4 that the wave is an evanescent wave within WM with a purely imaginary propagation constant
The attenuation constant can be determined from the behavior of the plane wave. The intensity of the electric field is [11] where r is the coordinate in the propagation direction and E 0 is the amplitude of the electric field intensity at the plane wave source. As an example, the electric field intensity inside the wire lattice for direction the propagation Γ-X is depicted in Fig. 5 for several frequencies below the lattice plasma frequency. From the calculated distribution of the electric field it is easy to find the attenuation constant α and consequently the effective permittivity ε eff of the lattice by fitting the electric field distribution inside the structure to eq. (7). The calculated effective permittivity is shown in Fig. 6 . According to (5) , the effective permittivity is equal in all the important propagation directions. The differences observed in Fig. 6 are caused mainly by the error of fitting the curves in Fig. 5 by eq. (7) .
B. Experimental results
The idea of a triple WM as an isotropic ε-negative material is quite simple, but practical fabrication is cumbersome. To the authors' best knowledge, nobody has yet experimentally verified the theoretical results. We propose an idea for fabricating an analogy to the wire lattice shown in Fig. 2 , using planar technology. A photograph of the fabricated structure is shown in Fig. 7 where also one unit cell of the lattice is shown as a detail. It consists of a set of parallel dielectric sheets. The 2D planar lattice is etched in the x-y plane on each substrate layer, the third orthogonal set of planar wires is etched in the y-z planes, and the set of substrate layers without metallization in the x-z planes is inserted to preserve the 3D structure symmetry. The galvanic connection of the planar wires in the y-z plane is performed by via holes and miniature wires soldered in the x-y plane substrate layers. The lattice period is now 11.71 mm (it was 20 mm in the structure shown in Fig. 2) , and the strip width is w = 2 mm (twice the equivalent wire diameter, [12] ). For the fabrication, FR4 substrate with permittivity ε r = 4.3 and thickness 0.71 mm was used. The theoretical plasma frequency is now f p ≈ 7.6 GHz. Since the wire mesh is not a resonant structure (in the long wavelength limit), the presence of the supporting dielectric substrates does not significantly affect the plasma frequency of the lattice. The lattice now consists of only 4 unit cells in order to make the cube acceptably small and to measure its transmission spectrum in a waveguide.
The realization of the lattice by a planar technology results in a structure that is not fully isotropic. However, the propagation of the electromagnetic wave in all the important directions does not differ dramatically from the ideal lattice. The effective permittivity determined from the simulated electric field distribution inside the lattice fabricated by the planar technology is comparable with that shown in shown in Fig. 6  (now in a different frequency band) .
Measurement of the transmission was performed in a waveguide structure with a cross-section of 120×60 mm. This waveguide was fed from two R48 waveguides through two horn transitions. A comparison between simulated and measured transmission coefficient is shown in Fig. 8 . First, the face of the metamaterial cube from Fig. 7 was placed perpendicularly to the propagation direction (transmission in the Γ-X direction) and then the cube was rotated by 45 degrees (transmission in the Γ-M direction). The remaining space in the waveguide cross-section was filled by an absorbing material. The difference between the measured transmission in the Γ-X and Γ-M direction is caused mainly by the small number of unit cells of the tested lattice and different length of the propagation path. The dip in the measured transmission coefficient in vicinity of the frequency 9 GHz is caused by higher modes propagating in the waveguide.
The measurement of electric field intensity inside the lattice was performed by drilling a hole into the cube and inserting an electric field probe inside the lattice. A horn antenna was used to illuminate the lattice in various directions. The simulated and measured intensity of electric field inside the lattice normalized to its maximal value is depicted in Figs. 9, 10 and 11. Both measured and simulated results suffer from an error caused by the small number of unit cells, i.e., the cube cannot be considered as fully homogeneous material. 
III. CONCLUSION
A triple wire medium was verified as a suitable candidate for an isotropic negative permittivity medium. A set of numerical experiments was performed to validate the theoretically described propagation of electromagnetic waves inside the wire lattice below the plasma frequency. In the framework of effective medium theory, the effective permittivity of the wire lattice is negative below the plasma frequency. The main advantage over other ε-negative structures is the wide band, in which negative effective permittivity can be achieved. For a practical realization, the planar form of the triple wire medium is proposed. It consists of three sets of mutually orthogonal dielectric substrate layers, which support cross connected etched planar wires. The fabricated specimen forms a cube with 4×4×4 unit cells. It is shown that the properties of the proposed planar lattice are very similar to those of the ideal wire lattice. The transmission coefficient of the lattice was measured in the direction along the unit cell axis and along the unit cell face diagonal. The intensity of electric field was measured inside the lattice for all three important propagation directions, i.e., along the unit cell axis, along the unit cell face diagonal and along the unit cell diagonal. The measured and simulated results show a good agreement (except for some systematic measurement errors) which validates the isotropy of the triple wire medium below the plasma frequency. The proposed form of the 3D structure fabricated by the planar technology is suitable for future combination with an isotropic negative permeability material, e.g. [13] . Such a combination, however, would require much more detailed analysis, and some issues are still open.
